Published as Nørgaard Sørensen, S.; Baun, A.; Burkard, M.; Dal Maso, M.; Foss Hansen, S.; Harrison, S.; Hjorth, R.; Lofts, S.; Matzke, M.; Nowack, B.; Peijnenburg, W.; Poikkimäki, M.; Quik, J.; Schirmer, K.; Verschoor, A.; Wigger H.; Spurgeon, D. (2019) Environmental risk assessment of nanomaterials: Assessing available models against stakeholder requirements for different stages of product innovation. Environ. Sci. Nano 6: 505-518.
Introduction
Advances in nanotechnology over the past decade have enabled the production and use of engineered nanomaterials for different products and applications, representing an estimated global annual market value of $1 trillion. 1 The number of nano-enabled consumer products available to European consumers has increased noticeably over this time covering a variety of product categories from sporting goods to personal care and cleaning products. 2 The added benefits of nanomaterials are often ascribed to their unique characteristics. By engineering key features, such as coating, size or shape, it is possible to change properties, such as reactivity and dispersion stability to support specific applications relevant to use in various products. 3 However, the potential for such highly engineered nanomaterial properties to cause toxicity in organisms following deliberate or accidental release to the environment has been a cause for public and political concern. This has resulted in scientific and regulatory community calls for timely risk assessment to identify and manage any potential adverse effects to human health and the environment from engineered nanomaterials.
Currently, the environmental risk assessment of nanomaterials is based on procedures originally conceived for the risk assessment of conventional chemicals, 4 although the field is developing. Approaches used for conventional chemicals consist of four main steps: hazard identification, hazard characterisation, exposure assessment and risk quantification. For nanomaterials, each of these steps presents challenges. The hazard identification is often based on inherent physical and chemical properties, which differ for nanomaterials compared to conventional chemicals. 5 In the hazard assessment, establishing concentration-response relationships for nanomaterials is more challenging because particle-specific processes such as agglomeration and sedimentation often will cause exposure concentrations to fluctuate during incubation. 6 The exposure assessment is also challenged by particle-specific processes such as homo-and heteroagglomeration, dissolution and reactivity, as well as the scarcity of available data on nanomaterial use and production volumes and also issues with reliable detection methods for model validation. 7 As the final risk characterization phase compiles information from all the previous steps, the limitations of each step towards the final assessment add to the overall uncertainty of the final calculated risk quotient. 5 The challenges in conducting nanomaterial environmental risk assessment using traditional paradigms have led to the development of alternative nano-specific modelling and decision support tools.
Examples include the "Precautionary Matrix for Synthetic Nanomaterials" 8 and the LICARA nanoSCAN. 9 Furthermore, modelling approaches and tools originally developed for chemicals, such as the species sensitivity distribution (SSD) and multimedia environmental fate models, have been refined in the attempt to accommodate certain nanomaterial-specific properties and behaviours in the environment, such as agglomeration and dissolution. [10] [11] [12] [13] [14] Several reviews of decision support tools or environmental assessment models available for nanomaterials are published. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] In 2012, Brouwer 16 discussed similarities and differences between six control banding approaches proposed for nanomaterials, Grieger et al. 15 evaluated eight alternative tools proposed for environmental risk assessment of nanomaterials against ten criteria cited as important by various sources, including transparency, precaution and life cycle perspective, and Hristozov et al. 18 discussed the value of tools for risk assessment and management of nanomaterials considering limitations and uncertainties in key areas such as data availability. Later in 2016, Hristozov et al. 17 extended their analysis to 48 tools, assessing potential utility for different aspects of risk assessment against 15 published stakeholder needs including nano-specific requirements, life cycle approach, preassessment phase, and exposure-driven approach. No single tool was found to fully meet the criteria, leading the authors to call for the development of a new tool that integrates data and current models to support nanomaterial risk assessment and management. This conclusion was broadly supported by Arvidsson et al., 19 following a review of 20 risk assessment screening methods. Also in 2016, Baalousha et al. 21 focused on the state-of-the-art of models assessing nanomaterial fate and transport as well as uptake and accumulation in biota and found that available models require calibration and validation using available data, rather than extension to higher complexity and inclusion of further transformation processes. In line with this, Nowack 23 evaluated environmental exposure models within a regulatory context in 2017.
The review concluded that some of the available fate models for nanomaterials are built on concepts accepted by regulators for conventional chemicals, increasing the likelihood that such nano-models will be accepted. It was found that a critical issue for all models is the missing validation of predicted environmental concentrations by analytical measurements; however, validation on a conceptual level was found to be possible.
Romero-Franco et al. 20 in 2017 evaluated the applicability of 18 existing models for assessing the potential environmental and health impacts of nanomaterials based on six decision scenarios, describing common situations of different stakeholders from manufacturers to regulatory bodies who need to make decisions in matters concerning environmental health and safety of nanomaterials. For all decision scenarios, at least one existing tool was identified as capable of partly meeting the needs. Also with a focus on stakeholders, Malsch et al.
2017 25 presented a mental modelling methodology for comparing stakeholder views and objectives in the context of developing a decision support system. A case study was conducted among prospective users of the SUNDS decision support tool, mainly from industry and regulators, which showed a greater interest in risk assessment decision support than in sustainability assessment. Some of the most recent reviews of nanomaterial environmental risk assessment methods is that of Trump et al. 26 and Oomen et al. 22 26 Oomen et al. 22 considered 14 models or tools for prioritisation, ranking or assessing nanomaterial safety, according to their fit to OECD defined criteria for regulatory relevance and reliability. All except one tool were found to lack criteria enabling actual decision-making and the authors suggest the development of an international pragmatic decision framework that is only partially scientifically based. The scope is decision-making in regulatory contexts and in the product development chain, and although conclusions briefly touch upon applicability of the tools in the innovation chain, a complete matching of tools and Stage-Gates was not conducted. An innovation chain Stage-Gate model, such as that presented by Cooper in 1990 27 , is a structured approach for bringing a product idea to market launch as effectively as possible while driving down the risk of spending resources on developing products, that will never make it to market launch. Since its initial publication, the Stage-Gate model has become an industrial standard for managing new product innovation processes. 28 In the Stage-Gate approach, the overall innovation process is divided into discrete work stages, each ending in a decision point (gate), where the process is reviewed against pre-defined decision criteria and a decision is made on whether to terminate, continue, hold or recycle the product innovation process ( Figure 1 ). Usually the amount of resources committed increases along the stages, and the quality of the information generated also becomes higher. As a result, the risk of making incorrect decisions on the development of a product after having spent a great amount of resources is lowered, as decisions can be made with increased certainty. 27 To our knowledge, none of the numerous reviews published have assessed nanomaterial environmental assessment models against stakeholder needs for different applications during specific stages of the product innovation chain, although a case-study focusing on graphene, provides an overview of actions and actors during different stages of innovation that may help achieve safe development of products including this nanomaterial. 29 In this study, we apply such coupling of modelling tools to the Stage-Gate concept to enable the identification of tools or approaches best suited at specific stages of innovation. At the different stages, stakeholders need different model estimates, features and output for decision-making, and they have varying resources allocated for risk assessment and safety-related work. Therefore assessing how currently available models or tools match the needs of individual stages, allows structured and effective use of the available tools to ultimately ensure safe use and development of nanomaterials and nano-enabled products, without hampering innovation or financial growth. Furthermore, the present study, conducted within the H2020 project caLIBRAte, provides a semi-quantitative assessment, whereas most published reviews are qualitative or narrative. We focus on selected environmental risk assessment models and evaluate these according to requirements in the Stage-Gate process using input obtained through a stakeholder consultation exercise. In total, 38 models/tools focused on the assessment of nanomaterial flow, fate and transport, hazard, uptake/bioavailability or risk in the environment, were assessed against 41 criteria. Feedback from 18 stakeholders assisted the design of a scoring scheme to comparatively assess the model suitability to stakeholder requirements at different stages of the innovation chain. The scoring scheme considers both the fit against the defined criteria and weights model fit to stakeholder needs according to the identified criteria.
Methods

Overall concept for model assessment
Published models or tools proposed for the assessment of nanomaterial flow, exposure, hazard, uptake/bioavailability and risk in the environment were assessed against requirements at different stages in product conception, development and application for nano-enabled products. We used the Stage-Gate concept 27, 28 as an approach to track the suitability of different models at different stages of innovation during potential product development. From the EU FP7 project "Nanoreg II", descriptions of the safety-related activities in the various stages have been obtained. An overview of the product innovation and safety activities in each stage is provided in Figure 1 . Overview of product innovation (blue) and safety-related (red) activities reported by the EU FP7 project "Nanoreg II" at the different stages of the product innovation process (grey) presented by Cooper (1990) 27 and Edgett (2015) 28 .
Within the chain, the level of information both needed for and required from models for environmental risk assessment increases at each stage. In early stages, with little information available about the materials or products in question, risk evaluation tools that can operate with limited data may fit the needs of decision-makers better than at later stages, where models with more extensive and specific data needs may be better suited. Hence, different models may be required by users at different stages, with no single tool likely to be appropriate for all potential needs within the chain. Identification of the tools best fitted to each stage can facilitate optimal use of resources to enable efficient risk assessment.
Identification of stakeholder needs along nanomaterial innovation
To identify different stakeholders' needs from nanomaterial environmental assessment models, a generic questionnaire was distributed to a selection of stakeholders to engender a diversity of structured feedback. The questionnaire was prepared by listing potential criteria/requirements for nanomaterial environmental assessment models based on previous work and existing narrative literature on tool fit to stakeholder needs such as Hristozov et al.,
2016. 17 The questionnaire contains two parts identifying requirements in two areas: The criteria for model output parameters were categorized as relating to aspects of material flow, fate and transport, hazard, uptake/bioavailability or risk, recognizing though, that some of the risk assessment models include sub-model(s) relating to one or more of the other categories. As the purpose of the interviews was to identify what stakeholders need from nanomaterial environmental assessment models during decision-making processes, the criteria focus on model outcome parameters/information, although these outcomes are obviously governed by input parameter availability and quality.
The questionnaire lists criteria (vertically) against product innovation stages (horizontally), thus forming a table that stakeholders were each asked to complete. This allowed stakeholders to provide feedback on their needs and requirements for each of the criteria at the individual stages in Figure 1 . If key criteria were found missing, the stakeholder could add these. For each criterion, the response options used restricted selection, defined depending on the question asked, including; yes/no, pick lists, tick off lists, and the rating of a criterions' importance from 0 (not important) to 5 (essential), rather than free text options. Stakeholders were encouraged to provide comments on these default response options to allow modification if necessary. The questions and response options distributed to stakeholders are included in the electronic supplementary information (ESI), Table S1a-d. Along with the questionnaire, stakeholders were asked to indicate and rank the three most important criteria for nanomaterial environmental assessment models, regardless of innovation stage considerations.
The questionnaire was distributed to 60 potential stakeholders targeted within the network of the 24 partner institutes involved in the H2020 project caLIBRAte, and come from sectors including chemical and environmental regulatory bodies; innovators; large and small/mediumsized commercial enterprises; industrial sector bodies; insurers; and consumers. Regulators were specifically included as they directly influence the regulatory frameworks governing the risk assessment of nanomaterials during innovation. Of invitees, 18 (30%) agreed to participate and provide feedback. Most participants agreed to complete the questionnaire as sent, however, some asked to provide verbal feedback in teleconferences both instead of and in addition to filling in the questionnaire. An anonymized overview of the number and type of stakeholders involved and feedback received is presented in Table 1 . To maintain confidentiality, specific stakeholders and feedback are reported anonymously throughout this work, according to the numbers assigned in Table 1 . All stakeholders gave their informed consent by participating in teleconferences or returning questionnaires. The authors comply with EU and national laws as well as institutional guidelines, including the "Act on Processing of Personal Data" and the "Danish Code of Conduct for Research Integrity" describing data collection, storage and retention. 
Identification of relevant nanomaterial environmental assessment models
Considering there are currently more than 500 tools available for nanomaterial safety assessment 30 , the present study is delimited to consider the following five categories of models relevant for environmental risk assessment of nanomaterials: Table 4 ). It must be noted that this list is not static over time and not necessarily exhaustive.
Development of scoring scheme for models along innovation stages
To allow a systematic assessment of the suitability of different models to different stages ( Figure 1 ), a scheme was designed to score the models against the stage-specific criteria using input from the stakeholder consultation. All identified models were then categorised (cf. categories 1-5 above) and the fit of each model against the features desired by stakeholders, was assessed as exemplified in Table 2 (The full list of assessment criteria are available in Table S2 ). For this assessment, the primary literature relating to each model was reviewed, and the accordance of the model to the specific identified features recorded. In those cases where the characteristics of each model relevant to a criterion could not be discerned from published information, model owners were contacted to provide details on model format, structure and outputs. Using this approach, it was possible to provide a complete assessment record for each model (not shown). Table S2 for full list of criteria). 
Assessment criteria Description of criteria Response categories
Yes, No
In order to quantitatively rate and compare the suitability of models at different innovation stages ( Figure 1 ), a scoring scheme was developed, based on the assessment records:
1. Numerical values were assigned to each assessment criterion and stage combination to reflect where in the innovation process different model features are suitable. The large majority of criteria were scored 0, 0.5 or 1 depending on whether they were: not required/necessary (score 0), desirable/valuable but not essential (score 0.5), or required/preferred (score 1). Generally, criteria involving greater operational complexity were assigned higher scores for the later stages where greater resource commitment is likely to be needed and justifiable.
2. Three assessment criteria were recognized as being of particular importance based on the stakeholder feedback; 1) "Time/cost to parameterize the model", 2) "Levels of expertise needed to operate the model", both of which were applicable to all of the model types and 3) "Presents comparison of PEC and PNEC" which was relevant only to models in the risk assessment category. For these three "priority criteria" a more refined set of scoring categories were used whereby models were allocated a score of 0, 0.1, 0.25 0.5, 0.75 or 1.
Examples from the scoring scheme are listed in Table 3 , with the full scoring scheme available in the ESI (Table S3 ). For all the identified models, the features associated with each model were transformed to numerical values according to the scheme in Table S3 . This resulted in a scoring scheme for each model by stage (not shown). Table 3 . Examples from the scoring scheme used to assess suitability of nanomaterial environmental assessment models according to each assessment criteria and stage. The full scoring scheme is available in the ESI (Table S3 ).
Criteria
Idea
Scope Business case
R&D Test & Validate Launch Monitor
Time/cost to parameterise model Lastly, an algorithm was developed to calculate an overall "assessment score" for each model and stage. The algorithm was specifically designed to make the assessment in a semiquantitative manner (as it is based on criteria), and calculated in two steps:
Minutes-Hours
1. For each model and stage, the criteria scores were summed excluding the three "priority criteria".
2. To reflect the importance of the priority criteria, these were assigned greater weight in the assessment score calculation. The sum from step 1 was multiplied with the score for each priority criteria in turn. The product values obtained by these three multiplications were then added together and that sum divided by the number of priority criteria that were relevant to each model type, namely two for the material flow, fate and transport, hazard and uptake/bioavailability models (Equation 1) and three for the risk assessment models (Equation 2). The resulting assessment scores allow comparison of models within each of the five model categories (flow, fate, hazard, uptake/bioavailability and risk assessment) to develop ranking lists to identify which models are most suited the requirements of stakeholders for each stage.
Comparison of assessment scores between model categories was not feasible, as models in this case have different application fields, and hence, can achieve different scores. Moreover, the scoring scale differs between model categories, as not all 41 identified criteria apply to all five categories of models and because the additional priority criterion applies for the risk assessment models.
Results and discussion
Stakeholder requirements along nanomaterial innovation
It proved difficult to achieve the desired stakeholder participation number of 60, as only 30% of invitees agreed to participate. This is, however, consistent with return rates published for user surveys of this type and design. 31 Also, limited time availability of the stakeholders, resulted in different levels and types of feedback (Table 1) , although always based on the generic questionnaire (Table S1a-d). Different approaches and methodologies have been applied for stakeholder elicitations and analysis of feedback. 25, 32 In the present study, the stakeholder feedback was collected as input for the development of the scoring scheme, not for the comparison or weighing of stakeholder views. Therefore, specific stakeholder analysis methodologies as such were not applied, For the sake of transparency, general trends and divergences between stakeholder individuals/groups are discussed in the following.
In general, the stakeholder (SH) feedback illustrated that the Stage-Gate approach applied in this work ( Figure 1 ) was not always recognized among responders. In some cases, this is because the stakeholder is not directly involved in innovation of nanomaterials and nanoenabled products, as reported by one of the regulators. For other stakeholders, especially small/medium-sized enterprises (SMEs) involved in innovation, development and production of a single nanomaterial product or process, the Stage-Gate system is not applied, although some of the guiding philosophy was clearly recognised. Some stakeholders involved only partly in the innovation process, may be involved only in initial stages, and not the later stages leading to launch (as reported by SH18: a research organization collaborating with SMEs).
Others, especially large industrial companies, confirmed that they recognize and use the Stage-Gate approach, although the specific activities and decisions of the various stages and gates may differ from those described within the classic model. For example, SH14, 15 and 16
(SMEs) reported conducting legislative safety assessments mainly in the research and development (R&D) stage, whereas SH5 and 6 (large enterprises) reported a focus on the the stakeholder feedback indicates that the middle to late stages ("Business Case", "R&D", "Test & Validate", and "Launch") are those of primary importance for safety and risk-related work, such as testing, risk assessment and establishing regulatory compliance. Even within these limitations, the majority of responders clearly considered the Stage-Gate model as a suitable framework within which to assess nanomaterial environmental assessment models, as they reported different needs at the different innovation stages in questionnaire responses.
The stakeholders were asked to indicate one to three of the most important criteria for risk assessment models, regardless of innovation stage. This information was compiled both as requested feedback to questionnaires or from direct discussions in teleconferences. The large industries generally considered the format of the tool, especially whether it is online or standalone, as of key importance. The importance of a stand-alone format which can be incorporated into existing company managed systems was stated as being critical, as compared to web-based systems, because it ensures secure handling of confidential information. Compared to the larger corporations, SMEs had greater problems in completing some of the aspects of the needs questionnaire. This was principally due to a lack of in-house experts in safety and regulatory compliance issues, causing them to often hire consultants to undertake such activities. Thus, an easy to operate decision support tool, that clearly lists the data/information needs along Stage-Gates and outlines a simple and easy to parameterise set of data needs and requirement was identified as valuable for SMEs.
Different stakeholders including regulators, SMEs and a research organization independently
reported the need for precautionary measures, i.e. some type of "worst-case scenario" consideration, either during the innovation process; related to any default model values (in case of data gaps) or in the way a model deals with the input data. It was also reported across stakeholder groups that the costs and efforts to run the model must be kept minimal until the R&D stage. This reflects the potential to stop innovation progression after this stage. Low effort in these early stages, thus, encourages innovation, while minimizing resource commitment to the environmental assessment of nanomaterial products that do not enter production. Finally, any regulatory requirements related to the risk assessment of nanomaterials and products need to be incorporated into the system, for example so that the needed input data to run the model rely only on data that are required by regulatory frameworks such as PEC and PNEC data. Indeed, this regulatory compliance was identified as a critical need among almost all responding commercial organisations. Currently, the nanomaterial specific regulatory requirements are being developed and no environmental assessment models have yet been specifically approved. For this reason, although an important criterion, no model currently meets this requirement. Consequently, the assessment reported here develops quantitative information to allow the selection of models to fit this need, rather than it being driven by it.
Several stakeholders reported no or very limited safety activities at the initial stages and SH6 (large enterprise) explicitly said that there is no need for risk assessment in the initial "Idea"
and "Scope" stages. Still, some stakeholders mentioned the importance of identifying any potential hazard or "red flags" as early as possible during innovation. This issue may be solved through the use of some very simple models capable of providing "red flags", while still recognizing the limited resources allocated for risk assessment in the initial stages. Models that score highly in these early stages could, therefore, be expected to present features that support easy parameterization and rapid use by non-experts.
The commonly stated concept of "safe-by-design" that is frequently mentioned in the nanosafety assessment community 33 was not mentioned explicitly by stakeholders suggesting that it is not a major explicit consideration for those actually involved in innovation or product development. However, some stakeholders did indicate a need for early advice to prevent or reduce product-related risks in cases where these are foreseeable. This could include, for example, support in the selection of the final product matrix into which nanomaterials are incorporated early in design (SH12, SME). While a safe-by-design approach could assist in preventing risks related to nanomaterials and nanomaterial-enabled products, in practice this is not a straight-forward task. The underlying identification of the characteristics, related to nanomaterial hazard, exposure, fate, and transport, needed for safe-by-design represents a major knowledge gap in nano-safety research 33 .
Suitability of environmental assessment models for each innovation stage
The calculated assessment scores for each identified nanomaterial environmental assessment model along the innovation stages in Figure 1 are presented in Table 4 , with colours indicating low (red) or high (green) fit of models with the needs and requirements at each stage as expressed by the stakeholders.
Material flow models
Available material flow models all have a similar overall structure that combines usage information with flows between different environmental compartments. This results in a broadly similar pattern of scores across successive stages. The assessment score is relatively low in early stages and increases to peak in the "Test & Validate" and "Launch" stages, followed by a slight decline for the "Monitor" stage ( Table 4 ). Being priority criteria and multipliers in the scoring algorithm, the time and expertise needed to run material flow models generally lead to low scoring of the fit to stakeholder needs, especially in the early stages. At later stages, where speed and ease of use are less important, other common model characteristics, such as the flexibility for use for different nanomaterials and products, and the ability to predict nanomaterial concentrations across different media and environmental compartments, increases scores as these are desirable features for such assessment. The score peaks at the "Test & Validate" stage. As this is the critical stage in product development, this is also were the greatest investment of time and engagement of experts in nanomaterials environment assessment is likely to take place. Hence, it is also the stage at which the greatest amount of resources is likely to be committed. In the "Launch" and "Monitor" stages, the main priority changes from initial establishment to product stewardship. Hence, the desire may be to use reduced resources and to use less experienced staff to support a sustained need for continuous assessment, making these more complex models less well suited to these ongoing requirements.
Across all models, the PFMA Version 1 model 34 
Environmental fate and transport models
The environmental fate and transport models followed a similar pattern of scoring across stages as the material flow models, with lower scores in early stages. The common pattern in scores between the different fate and transport models across stages reflects a common set of shared features. These include representations of key nanomaterial processes, such as homoand heteroagglomeration, sedimentation, and dissolution, as the major features driving fate and transport, especially in aquatic environments. With a number of relatively complex features, these models are often rather time-consuming to parameterise and operate and also require a high level of expertise to identify parameters and interpret outputs. This translates to relatively poor scores in the earlier stages, whereas in later stages where increase resource investment is more often warranted, the penalty arising from the required resource commitment reduces and scores consequently rise ( Table 4 ).
The SimpleBox4Nano model 12, 14 scores the highest of the fate and transport models across all stages. Indeed the calculated scores for SimpleBox4Nano are in some cases two-times higher or more than those awarded for any of the alternative fate and transport models in some stages (e.g. "Scope" and "Business case"). The key characteristics underlying the higher scores achieved for SimpleBox4Nano include its open availability for use, full guidance availability, and estimation of nanomaterial fate and transport across a range of environmental compartments (air, soil, water and sediment). The model is Excel-based and, hence, requires a lower level of expertise than some of the other models presented in code-based formats. As a critical assessment multiplier, this relative ease of use has a major impact on the Stage-Gate scores.
Uptake and bioavailability models
To date, only few models have been proposed for modelling the uptake and bioavailability of nanomaterials in ecological assessments, as methods for such studies remain in their relative infancy. One of these models is the biotic ligand model (BLM), which has been widely used for modelling metal bioavailability. It has recently been proposed for use with silver nanoparticles in initial studies, although challenges have been identified. 57 Also, three toxicokinetic modelling approaches are included in this category; "Kinetic model/bioconcentration factor", "Two component efflux/uptake model", and "Biodynamic model", which are all based on modelling the influx/uptake and efflux/elimination of nanomaterials for organism tissues to consider bioaccumulation. The use of bioaccumulation factors requires equilibrium partitioning, which is not considered relevant for nanomaterials, due to the kinetic nature of many processes affecting internal fate, such as attachment, dissolution, and chemical transformation. 21 Rather than a single model, these approaches all represent a family of models with different complexities. For example, they may consider the organism as one or more compartments in the model, depending on available information on internal anatomy and metal handling characteristics. Only the BLM is designed to consider speciation and bioavailability. Thus, a significant research gap remains in this area.
The four models are awarded the same scores across stages. Scores are low in the early stages, driven primarily by a somewhat restricted scope and range of settings in which these models can currently be used, in addition to intermediate or high level of expertise needed to parameterize and run each model. In the "Business case" and "R&D" stages, scores increase as the greater resource requirements mean the requirements of time and expertise is no longer extensively penalised. In later stages, scores decline again as the models lack considerations of nonspecific properties. Hence, it remains uncertain whether they will fully capture the characteristics of a nanomaterial affecting bioaccumulation. Indeed initial efforts to use the BLM for nanomaterials have recognized problems, such as the potential for exposure to occur through ingestion, which is an exposure route not routinely considered in this model structure. 57, 64 Environmental hazard models Seven environmental hazard models relevant for use with nanomaterials were identified, covering two main approaches; 1) Species sensitivity distribution (SSD) models that estimate the hazardous concentration for a certain percentage of species based on the distribution of toxicity data from laboratory field tests (or potentially field based assessments).
2) Quantitative structure activity relationship (QSAR) models that aim to predict the toxicity of untested nanomaterials based on chemical/structural descriptors.
In environmental risk assessment, both SSD and QSAR models are essential components of current regulation as they can extrapolate from known data to untested species and substances. Given the number of different nanomaterials that can be produced from combinations of core chemistry, size, shape, surface functionalization etc., and the need to protect the range of untested species in ecosystems, such extrapolation models are likely to remain an important component of any future nanomaterial management system.
Of the two SSD tools available, the US EPA SSD generator scored higher than the "species sensitivity weighted distribution" (SSWD) approach in all stages. This is driven by the relative ease of the US EPA tool compared to the SSWD, which is more complex and time-consuming, as besides species sensitivity, it also considers species relevance, trophic level abundance and the level of nano-specific characterisation accompanying the toxicity data. This greater level of complexity could be warranted in later stages as these considerations can benefit from a more complete assessment. However, even though the scores for both tools do rise along stages, the US EPA tool always outscores the SSWD tool based on ease of use weighting.
However, given the efforts that may be committed to assessments at this stage, this outcome may not preclude the selection of more complex tools for later stages if deemed appropriate.
The five QSARs identified apply various approaches to use nanomaterial properties and features as predictors of effects, either on biochemical related endpoints, such as oxidative stress potential, or on measured endpoints such as cell viability. These models generally require a high level of expertise to operate, as they require input of a range of nano-specific
properties that are both difficult to derive and complex to interpret and ultimately parameterise.
Consequently, all nanoQSAR models score rather low in all stages. A common feature of the nanoQSAR models is that the score does not greatly increase towards later stages (i.e. the rise in the score for each model is less pronounced than for other model types). Because they make use of prior information in the absence of specific hazard information, nanoQSAR models are most applicable to assessment in the early developmental stages, where stakeholders expressed a clear demand for early "red flags" relating to potential hazard. This is similar to the QSAR strategies applied for organic chemicals. Score comparison between models along stages indicated that principally, the ERA tools can be differentiated into two categories: applicable to early stages and applicable to late stages.
Three tools, the Precautionary Matrix for Synthetic Nanomaterials, the LICARA nanoSCAN and SUNDS 1 st tier (equal to LICARA nanoSCAN), score higher than other models in the earlier stages. These tools apply a risk screening (Precautionary Matrix) and risk-benefit assessment (LICARA/SUNDS 1 st tier) to nanomaterials evaluation. Such screenings require less data and information about the nanomaterial allowing the (unexperienced) user to apply these tools easily and with minimal time requirements. The results of these tools indicate where further investigations or information are required to proceed further in the stages. By doing so, such methods apply a less evidence-driven approach to assess potential risks and benefits without achieving a complete risk assessment. These tools scored lower in the later stages due to the increasing demands on evidence of data and information, which is accompanied by the need for expert knowledge and more time-consuming and comprehensive assessments.
The remaining nine risk assessment models each score lower in the early stages, driven predominately by the need for expert parameterisation and relative high time requirements for successful parameterisation and operation. The majority of these models peak in the "R&D" stage before declining slightly. Among these models, the GUIDEnano-intermediate tool Also, the data handling and evaluating of data in GUIDEnano is more guided than in the SUNDS tool. A challenge for the evaluation of the nanoinfo tool, was obtaining information on how the algorithms work behind the web interface. Here, we used the published articles that constitute the modules of the tool. Particularly, the hazard assessment module is still being developed to apply QSARs for hazard assessment. However, it must be stressed that for the mentioned tools development is ongoing and the evaluation should be repeated in the future.
Conclusions
We evaluated the fit of 38 models relevant for assessing the fate, exposure, hazard or risk of nanomaterials to the innovation stages, considering 41 criteria reflecting needs and requirements obtained by consultations with 18 stakeholders of six different groups.
Important stakeholder criteria for environmental risk assessment models include the required time/costs and level of expertise needed for model parameterisation and operation. For risk assessment models specifically, also the generation of PEC/PNEC was a key requirement. All stakeholders identified regulatory compliance as a critical criterion, which is presently difficult to incorporate into models as frameworks for nanomaterial risk assessment has yet to be developed and adopted. Also, the availability of data to run the models is a prevailing issue for nanomaterials. Consequently, the generation of model input data and development of regulatory requirements for nanomaterials will likely have a significant influence on the future selection as well as development of tools.
Within the five model categories, similar model features often resulted in similar scoring profiles across stages. The majority of models are relatively complex tools developed by experts for use in a research context and, therefore, generally score higher at later stages where the greatest amount of resources and expertise are allocated during product innovation. This is driven by the stakeholder requirements to limit investments in risk management to the stages after initial innovation but prior to "Launch". Models requiring less time and user expertise, such as nanoQSARs and the less complex risk assessment models, fit stakeholder needs for early stages, as they aim to identify potential hazards and provide risk management measures, without substantive early resource investments. Refinement of tools over the next few years may change the balance in scoring and assessment between particular tools. A flow-through from research tools to simplified and easily operationalized systems may ultimately deliver the balance between rigor and ease that is needed.
